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Abstract

Density functional theory has been employed to calculate the harmonic frequencies and intensities of a range of
polycyclic aromatic hydrocarbon (PAH) cations that explore both size and electronic structure effects on the infrared
spectroscopic properties of these species. The sample extends the size range of PAH species considered to more than
50 carbon atoms and includes several representatives from each of two heretofore unexplored categories of PAH
cations: (1) fully benzenoid PAH cations whose carbon skeleton is composed of an odd number of carbon atoms
(Coaa PAHs); and (2) protonated PAH cations (HPAH ™). Unlike the radical electronic structures of the PAH cations
that have been the subject of previous theoretical and experimental work, the species in these two classes have a
‘closed’-shell electronic configuration. The calculated spectra of circumcoronene, Cs,H,g, in both neutral and (radical)
cationic form are also reported and compared with those of the other species. Overall, the C,,q PAHs spectra are
dominated by strong CC stretching modes near 1600 cm ~! and display spectra that are remarkably insensitive to
molecular size. The HPAH™ species evince a more complex spectrum consistent with the added contributions of
aliphatic modes and their generally lower symmetry. Finally, for both classes of closed-shell cations, the intensity of
the aromatic CH stretching modes is found to increase with molecular size far out of proportion with the number of
CH groups, approaching a value more typical of neutral PAHs for the largest species studied. © 2001 Published by
Elsevier Science B.V.
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1. Introduction

The discovery of an unexpected infrared emis-
sion feature from two planetary nebulae by
Gillett, Forrest, and Merrill in 1973 marked the
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beginning of an exciting chapter of modern astro-
physics [1]. Gillett et al. recognized that this band
near 885 cm~! (11.3 pm) was associated with
interstellar dust, and that its identification could
give important insight into dust formation and
evolution through the latter stages of the stellar
life cycle. Moreover, this feature could not be
associated with graphite grains, long thought to
be produced in intense circumstellar outflows
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from late-type, carbon-rich stars. Subsequent pio-
neering observations showed this was just one
part of a now well-known spectrum of features
emitted from a wide variety of very different
astronomical objects (for example, see Refs. [2—
5]). This spectrum is characterized by dominant
features near 3030, 1610, 1280, 1150, and 890
cm~ 1 (3.3, 6.2, 7.7, 8.6, and 11.2 um) as well as a
number of minor bands and underlying continua.
The brightest emission is observed from dusty
regions exposed to intense ultraviolet radiation.
Surprisingly, the age and history of the material
seem to be relatively unimportant. Similar emis-
sion spectra are observed from objects that span
the lifecycle of matter in the interstellar medium
(ISM) — from objects only a few thousand years
in age (late carbon star ejecta and planetary nebu-
lae shells) to those millions of years in age (H 11
regions, reflection nebulae, and the diffuse ISM)
[6—11]. Understanding the source of this unex-
pected, yet widespread, phenomenon has become
an important problem in astrophysics.

The idea now gaining acceptance, that stochas-
tically heated, gas-phase, polycyclic aromatic hy-
drocarbons (PAHs) are the band carriers, was first
put forth over a decade ago [12,13]. This attribu-
tion is based on several pieces of ‘circumstantial’
evidence that point to these species. First, the
interstellar emission is non-thermal in nature. The
banded (rather than continuous) nature of the
spectrum, the typically large feature/continuum
ratio, and the close association with ultraviolet
radiation all indicate that the emission is due to
infrared fluorescence from gas-phase molecules
excited by the absorption of single ultraviolet and
visible photons rather than thermal emission from
a solid material [14]. Second, careful observations
of planetary nebulae have established that the
fraction of the total infrared energy that is emit-
ted through these features is closely correlated
with the amount of available carbon [15], indicat-
ing that the gas-phase molecular carriers are car-
bon rich. Third, since the carbon-rich carriers
must survive under remarkably harsh conditions,
they must also be extremely stable. Finally, al-
though there are variations among the relative
band intensities, the features are correlated
[16,17], implying that a single class of chemical

species is responsible. Of course, any proposed
carrier must have an IR spectrum consistent with
the positions and intensities of these bands. As a
molecular class, PAHs readily accommodate all
these constraints.

Originally, the principal reason for the assign-
ment to PAHs was the suggestive, but far from
perfect, resemblance of the interstellar ‘emission’
spectra to the then-available infrared ‘absorption’
spectra, primarily those of PAH clusters dispersed
in KBr pellets or soot particles. Unfortunately,
although rich, this spectral database was not ade-
quate to squarely address the astronomical ques-
tions since such laboratory conditions strongly
perturb the spectrum and are far from those in
the interstellar emission zones. Moreover, if PAHs
are indeed present in the highly energetic emission
zones, they are likely to be ionized [13] and, until
recently, there was no spectroscopic data available
on the infrared properties of PAH ions. Thus, the
spectral database initially available was not suffi-
cient for a critical test of the PAH hypothesis nor,
if the hypothesis held up to close scrutiny, was it
up to the task of exploiting PAHs as probes of the
emission zones. To truly test the PAH hypothesis,
special techniques for studying individual PAHs
and PAH ions under astrophysically relevant con-
ditions were required.

Motivated in no small part by their emerging
interstellar importance, the past decade has seen a
renaissance in experimental and theoretical meth-
ods aimed at determining the physical [18-20],
chemical [21-25], and spectroscopic [26—38] im-
pact of PAHs in the interstellar medium. Particu-
larly relevant to the problem of the interstellar
infrared emission, these efforts have produced a
large and growing database of the infrared spec-
troscopic properties of PAHs and PAH ions that
are directly relevant to the astrophysical problem
[39-55]. These studies have included PAHs in
neutral, cationic and anionic forms, and encom-
pass species ranging in size from ten to 32 carbon
atoms. Nevertheless, to date, both experimental
and theoretical studies in this area have focused
primarily on the determination of the spectro-
scopic properties of the sorts of conventional
structures that characterize terrestrially stable,
commercially available PAHs. Such PAHs in their
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neutral forms (indeed, virtually all stable chemical
compounds) have a ‘closed-shell’ electronic struc-
ture — one having only paired electrons. This
necessarily implies that their daughter cations all
have the alternative ‘free-radical’ or ‘open-shell’
electronic structure carrying one unpaired electron.
Regardless of their ionization state, due to their
incomplete electronic structure, open-shell species
are inherently less stable and more reactive than
their closed-shell counterparts. Despite the focus on
PAH radical cations, PAH cations that have a
closed-shell configuration are not unknown. Two
classes of these are of particular interest to astro-
physics: (1) fully benzenoid PAH cations with an
odd number of carbon atoms (C,y,q; PAH cations);
and (2) protonated PAHs (HPAH™). Representa-
tive structures from each of these classes are shown

Ci3 Hy

Fig. 1. The structures of the C 44 PAH cations considered in
this work. The species all have a fully benzenoid skeleton
composed of an odd number of carbon atoms. The open
circles represent carbon atoms.

1-hydro-naphthalene
1-hydro-pyrene

1-hydro-coronene

3-hydro-circumcoronene

Fig. 2. The structures of the protonated PAH cations,
HPAH™, considered in this work. Note the aliphatic -CH,—
groups that replace one aromatic CH in each case. Large
circles, carbon atoms; small circles, hydrogen atoms.

in Figs. 1 and 2, respectively. For such closed-shell
cations, it is the corresponding neutral species that
have the highly reactive radical electron configura-
tion and are not isolatable. The lack of a suitable
precursor presents serious practical difficulties that
have yet to be overcome with the current experi-
mental techniques. Thus, these classes of closed-
shell PAH cations make excellent subjects for a
theoretical investigation of their infrared spectro-
scopic properties.

An additional noteworthy aspect of the compu-
tational results presented in the following is the
molecular size range of the PAH species that are
considered. To date, most studies (experimental
and theoretical alike) have focused on PAH
molecules containing only up to about 30 carbon
atoms. In the theoretical studies, this limitation
was imposed largely by the significant amounts of
CPU time required for calculations of larger spe-
cies. However, the latest experimental and theo-
retical studies suggest that, while molecules
containing as few as 20-30 carbon atoms may
contribute to the interstellar infrared emission
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spectrum, the strongest interstellar emission fea-
tures in the 1600—1100 cm ! (6—9 um) region are
dominated by species comprised of 50-100 car-
bon atoms [18,35,56]. It is therefore important to
the astrophysical problem that studies of PAH
cations be extended to species of this size. In this
manuscript, with the benefit of several key ad-
vances [57] in the calculation of analytic second
derivatives (which have been implemented in the
GAUSSIAN 98 package of programs), we report
computed IR spectra of PAH cations as large as
59 carbon atoms.

This paper is laid out as follows. The computa-
tional methods are described in Section 2. In
Section 3, the calculated harmonic frequencies
and intensities for the two classes of closed-shell
PAH cations are presented and discussed accord-
ing to class, with the C_,4 PAH cations considered
in Section 3.1, and the protonated PAH cations
considered in Section 3.2. Finally, the astrophysi-
cal implications of the results are considered in
Section 4.

2. Computational methods

The geometries are optimized, and the har-
monic frequencies and infrared intensities are
computed using the B3LYP [58] hybrid [59] func-
tional in conjunction with the 4-31G basis sets

Table 1

[60]. Calibration calculations, which have been
carried out for selected systems [36], show that a
single scale factor of 0.958 brings the B3LYP
harmonic frequencies computed using the 4-31G
basis set into excellent agreement with the experi-
mental fundamentals; for example, in naphtha-
lene, the average absolute error is 4.4 cm~! and
the maximum error is 12.4 cm ~!'. To calibrate the
intensities, we have performed B3LYP calcula-
tions on naphthalene, and the naphthalene and 1-
and 2-hydronaphthalene cations, as well as
pyrene, and the pyrene and 1-, 2-, and 4-hydropy-
rene cations using the 6-31 + G* and 6-31 + +
G** Dbasis sets. The computed ratios of the
intensities obtained using these higher level basis
sets to those obtained using the 4-31G basis set
are presented in Table 1. Excluding the naphtha-
lene cation in the 6-31 + + G** basis set, improv-
ing the basis set generally reduces the aromatic
C-H stretching intensity. For the pyrene species
considered, this reduction is found to be as large
as two- to fourfold. While the impact of the
higher level basis sets is more ambiguous for the
naphthalene species, it should be noted that the
absolute intensities of the aromatic CH stretching
modes in these species are very small, tending to
exaggerate the relative impact of any variations in
the calculations. For example, in the naphthalene
cation, the aromatic C-H stretch intensity
changes from 1.45 km/mol in the 4-31G basis set

The basis set dependence of the calculated total aromatic and aliphatic CH stretching intensities for the naphthalene and pyrene
species considered in Section 3.2, compared with that of the remaining, non-CH stretching modes in those species

Species 6-31+G*/4-31G

6-314+ +G**/4-31G

CH stretching modes

All other modes

CH stretching modes All other modes

Aromatic Aliphatic Aromatic Aliphatic
C,oHg 0.87 0.83 0.71 1.12
C,oHg 0.83 0.92 1.98 0.95
C,oHs ™ 0.68 0.95 0.94 0.98 1.08 0.96
Ci¢Hyo 0.86 0.85 0.71 1.06
Ci¢Hih 0.56 0.92 0.27 0.95
CH{:® 0.61 0.93 0.94 0.39 1.13 0.97

“ Average for two possible hydronaphthalene cation structures.

> Average for three possible hydropyrene cation structures.
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to 2.86 km/mol for the 6-31 + + G** basis set; so
while the ratio is much larger than 1, the absolute
change is small. Thus, the calibration data pro-
vided by the pyrene system is expected to provide
a more realistic assessment of the accuracy of the
calculations for PAH species as a whole.

Interestingly, unlike the aromatic C-H stretch-
ing intensity, the aliphatic C—H stretching intensi-
ties and the total non-C-H stretching intensities
are relatively independent of the basis set used.
Thus this work, along with previous work [36,43],
indicates that, while the 4-31G intensities of non-
C-H stretching modes in PAHs are reasonably
accurate, the aromatic C-H stretching intensities
are too large by some two- to threefold. The
current work also shows that, unlike their aro-
matic counterparts, the accuracy of the computed
aliphatic C-H stretching intensities is comparable
with that of the non-C-H stretching modes. Thus,
the overestimation of the intensities with the 4-
31G basis set appears to be limited specifically to
the aromatic C-H stretching modes. Therefore,
since this effect is variable in magnitude and
limited to only a single class of modes, we report
the 4-31G intensities as computed for all bands
with the stipulation that the aromatic CH stretch-
ing intensities probably represent an overestimate
of their actual intensities. We should also note
that, regardless of their composition, when two
modes of the same symmetry are close in energy,
their relative intensities are sensitive to the level of
theory, but the sum of their intensities is very
reliable.

The B3LYP calculations were performed using
the GAUSSIAN 98 computer codes [61]. The com-
plete harmonic frequencies and intensities, includ-
ing those obtained with the higher level basis sets,
can be found at <http://ccf.arc.nasa.gov/ ~
cbauschl/closed-shell.data .

3. Results

The results of our theoretical analyses of
closed-shell PAH cations are presented next, orga-
nized according to class, with the infrared spectra
of the C 44 PAH cations considered first, followed
by that of the protonated PAH cations.

3.1. Fully benzenoid PAH cations containing an
odd number of carbon atoms (C,,; PAH cations)

These closed-shell PAH cations are fully ben-
zenoid (i.e. composed only of fused six-membered
rings) species whose skeleton is composed of an
odd number of carbon atoms. This investigation
was motivated by the work of Weilmunster,
Keller, and Homann [62], who have analyzed the
PAH cation structures that are produced in com-
bustion processes, the processes considered most
likely involved in the production of interstellar
PAHs [63,64]. Employing time-of-flight mass
spectrometry to monitor the formation and
growth of PAH cations in flames, Weilmunster et
al. found that the PAH cations exhibit their own
unique growth chemistry, involving species and
structures that differ significantly from those
found in the neutral PAH population. Not sur-
prisingly, small PAH cations appear first, early in
the combustion region, with sequentially larger
species becoming important with increasing
depths into the combustion region. What is sur-
prising is the distribution of the structures in the
flame PAH cation population. They report that,
for cations up to about 50 carbon atoms, struc-
tures with an odd number of carbon atoms actu-
ally dominate the population. Furthermore, the
authors determined that these odd carbon number
species were not simply species that incorporated
a five-membered ring in their structures but were,
instead, fully benzenoid structures. Such struc-
tures are illustrated in Fig. 1, which shows the
structures of the species considered in this work.
As one approaches 50 carbon atoms, the popula-
tions of the species with even and odd numbers of
carbon atoms converge and, above this size, ap-
pear in roughly equal proportions. Considering
the energetic conditions in many of the infrared
emission zones and the inherent stability of the
closed-shell Codd PAH cations, if interstellar
PAHs are indeed produced under combustion-like
conditions in carbon-rich circumstellar shells,
such species may well represent important mem-
bers of the smaller PAH population in these
regions.

The results of the aforementioned combustion
experiments can be understood in terms of the
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electronic structures of the ions involved. Quite
simply, C..., PAH cations necessarily have an
open-shell, radical structure, while the C,qq PAHs
have the chemically more favorable closed-shell
structure and are therefore preferred. Presumably,
by the time one reaches 50 carbon atoms, stability
provided by electron delocalization over the ex-
tensive aromatic framework dilutes the energetic
cost associated with maintaining the odd electron
to the point that there is no longer any significant
preference for closed-shell over open-shell
structures.

Synthetic representations of the theoretically
calculated infrared spectra of several C,y4q PAH
cations ranging from C;;Hg to CsoHi, are pre-
sented in Fig. 3. These simulations were generated
by assigning each calculated band a 20 cm~!
full-width at half-height (FWHH) gaussian profile
of the appropriate intensity. Such a profile is
consistent with that expected from molecules
emitting under the conditions of the interstellar
problem [26]. Abbreviated tabulations of the cal-
culated band positions, symmetries, and intensi-
ties can be found in Tables 2 and 3. In those
tables, the data at frequencies below 2000 ¢m ~!
have been truncated at the 10% level. The infrared
active modes in the 3200-2800 cm ~! CH stretch-
ing region are presented in their entirety, in accor-
dance with their more diminutive nature and their
role in the following discussion. Complete tabula-
tions of the calculated data (including both IR
active and inactive modes) have been posted on
the Internet at  <http://ccf.arc.nasa.gov/ ~
cbauschl/closed-shell.data). Inspection of these
data reveals that each of the spectra are domi-
nated by three strong features in the 1600—1100
cm ! (6.25-9.1 um) region, which is characteris-
tic of aromatic CC stretching and CH in-plane
wagging vibrations. In some cases, these features
represent a single very strong band, while in oth-
ers they reflect an overlapping of two or more
features that fall close to each other (see Tables 2
and 3). The band near 1600 cm~' (a strong
doublet in the spectrum of C,5Hg") is consistently
the strongest of these. The other two typically fall
in the mid-1300 cm ~! (7.5 pm) and the low 1200
cm ~ ! (8.3 um) regions. While it is well established
that the strongest infrared bands of PAH cations

tend to fall in the 1600—1100 cm ~! region, it is
unusual to find the band near 1600 cm ! to be
the strongest in the spectrum (see, for example,
Figs. 6-9). It is also unusual to see such a similar-
ity in the pattern of these strong bands over such
a large range of molecular sizes. Indeed, compari-
son of the spectra in Fig. 3 with the data currently
available in the literature [39-55] shows that,
throughout the infrared, the spectral variations of
C.qa PAHs over a wide range of molecular sizes
are more subtle than those of neutral PAHs and
PAH radical cations. They are also more subtle
than those found for the closed-shell protonated
PAH cations that are discussed in Section 3.2 (for
reference, compare also the spectra of the naph-
thalene radical cation and the circumcoronene
radical cation in Fig. 6a and Fig. 9b, respectively).
At this stage, it is unclear whether this is a
characteristic of the particular series of molecules
studied, or whether this is a general feature of this
class of PAH cation. Another interesting aspect of
this region of the spectrum is the size dependence
of the dominant band positions. Specifically,
highest frequency features in this region all tend
to cluster between 1595 and 1575 cm ~ !, and show
little dependence on molecular size. The positions
of the other two dominant bands, on the other
hand, shift steadily toward lower frequencies with
increasing molecular size from 1361 and 1259
cm~! (7.4 and 7.94 um) in the C,;Hy cation to
1318 and 1189 cm~' (7.6 and 8.4 um) in the
CsHjy cation. This behavior stands in marked
contrast to that of PAH radical cations [56] where
it is the bands near 1600 cm ~! that shift to higher
frequencies with increasing molecular size, while
the bands near 1300 cm ~' remain more or less
static. In both cases, however, the net effect is an
increase in the spacing between these features.

A final noteworthy aspect of this series of spec-
tra is the molecular size dependence of the aro-
matic CH stretching features in the 3100-3050
cm~! (3.23-3.28 um) range. First, inspection of
the data in Tables 2 and 3 shows that the position
of the dominant CH stretching feature undergoes
a distinct red shift with increasing molecular size,
decreasing from a maximum of 3106 cm~! (3.22
um) in the C;3Hs cation down to 3078 cm !
(3.25 pm) for the C5oH{} cation. At the same time,
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Fig. 3. Representations of the B3LYP computed IR spectra of (a) C,3Hg", (b) C,oH{;, (c) C,;H{5, (d) C4Hih, and (e) CsoH . These
simulations were generated by assigning each calculated band a 20 cm —! FWHH gaussian profile of the appropriate intensity.

the intrinsic intensity per CH group of these
modes increases from 0.30 km/mol-CH group for
CsHg (2.6 km/mol ~9 CH groups) to 15.3 km/
mol-CH group for CsoHi (290 km/mol =19 CH
groups). Note that, while the absolute intensities
of these modes have not been corrected for the
expected computational overestimate, the varia-

tion that is reflected in these numbers should be
independent of that correction (the same correc-
tion likely applies to all the numbers). Although
some increase in the intensity of the CH stretching
features is expected simply on the basis of the
increasing number of aromatic CH groups in the
molecule, the observed magnitude of this effect is
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Table 3
Calculated frequencies, symmetries, and intensities for the infrared active modes of the C,,H;; and CsoHjly cations?
CyHi CsoHiy
7 (cm™") Symmetry Intensity (km/mol) Iy 7 (em™1) Symmetry Intensity (km/mol) I
850.4 B, 61.64 0.108 792.2 B, 35.57 0.100
920.4 B, 103.42 0.181 845.3 B, 41.92 0.118
938.5 B, 64.00 0.112 919.0 B, 72.39 0.204
1188.9 B, 143.36 0.250 932.7 B, 123.00 0.347
1190.8 A, 142.30 0.249 1184.5 A, 183.27 0.517
1192.1 B, 127.24 0.222 1189.9 B, 103.56 0.292
1275.0 A, 60.17 0.105 1192.8 B, 91.41 0.258
1317.5 B, 178.04 0.311 1193.7 A, 116.40 0.328
1331.7 A, 173.37 0.303 1254.2 A, 46.58 0.131
1331.9 B, 259.21 0.453 1270.1 A, 83.02 0.234
1483.1 A, 59.42 0.104 1286.3 A, 50.94 0.144
1532.7 B, 172.33 0.301 1306.4 A, 73.64 0.208
1580.1 A, 235.10 0.411 1314.1 B, 297.25 0.838
1583.4 B, 102.08 0.178 1323.5 A, 199.73 0.563
1589.3 B, 572.48 1.00 1331.0 A, 121.28 0.342
1340.0 B, 52.95 0.149
1351.0 A, 40.38 0.114
1474.9 B, 72.74 0.205
1477.1 A, 43.08 0.121
1503.6 B, 64.38 0.181
1553.9 A, 211.63 0.597
1575.4 A, 113.48 0.320
1581.3 B, 306.42 0.864
1585.1 A, 354.75 1.00
1592.6 A, 90.04 0.254
1604.2 B, 47.38 0.134
3057.3 A, 2.19 0.004 3055.3 A, 0.98 0.003
3057.3 B, 5.73 0.010 3055.8 A, 3.02 0.009
3059.7 A, 6.84 0.012 3057.1 B, 343 0.010
3060.1 A, 5.34 0.009 3057.3 A, 11.06 0.031
3061.6 B, 0.98 0.002 3058.2 B, 17.34 0.049
3062.6 A, 6.67 0.012 3058.4 A, 0.23 0.001
3063.0 B, 1.83 0.003 3059.5 B, 11.98 0.034
3063.1 A, 0.93 0.002 3060.0 A, 4.71 0.013
3079.5 B, 6.90 0.012 3060.7 B, 1.38 0.004
3079.8 A, 20.76 0.036 3060.8 A, 1.37 0.004
3080.0 B, 19.77 0.035 3062.9 B, 3.49 0.010
3080.1 A, 34.34 0.060 3077.3 B, 6.04 0.017
3082.1 B, 71.29 0.125 3077.6 A, 45.76 0.129
3082.3 A, 19 0.033 3078.1 B, 90.84 0.256
3078.2 A, 21.84 0.062
3080.2 B, 7.34 0.021
3082.0 A, 59.18 0.167

@ The data for #<2000 cm~' have been truncated at the 10% level. The complete data are tabulated at <http://ccf.arc.nasa.gov/ ~

cbauschl/closed-shell.data ).
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greater than can be explained by this factor alone.
This trend is understandable in terms of the varia-
tions in the charge distribution within the cations,
and the localized nature of the CH stretching
modes. In general, extensive electron delocalization
within these species leads to an effective distribu-
tion of the positive charge throughout the molecule.
Consequently, the charge density across the cation
decreases in proportion to the area of the PAH
structure. The CH bonds (and their associated
stretching modes), on the other hand, are confined
to the periphery of the structure and, therefore,
increase in number only in proportion to the
circumference of the molecule. Thus, as the size of
the cation increases, the increase in the number of
CH groups cannot completely compensate for the
reduced charge density and there is a steady de-
crease in the net oscillating charge associated with
the CH stretching vibrations. This implies that the
character of the CH stretching vibrations in the
cation should approach that of the neutral species
with increasing molecular size. This is exactly what
is reflected in the spectrum in the form of a
substantial relaxation of the dramatic suppression
that these modes experience upon ionization
[27,35,36,39-55].

It should be noted that this effect is not expected
to appreciably impact the other classes of vibra-
tions within the molecule. The CC stretching
modes, for example, typically involve the entire
carbon skeleton of the molecule. Thus, the region
associated with these modes scales as the area of the
molecule, neutralizing the effect of the charge
dilution. Furthermore, despite the fact that the CH
in-plane bends, in principle, depend on the number
of CH groups, these modes mix much more effec-
tively with the CC stretches and, again, the effect
of charge dilution is largely nullified. Finally, the
intensities of the CH out-of-plane modes are similar
between the cation and the neutral species and,
consequently, little variation would be expected to
accompany a transition from cation to quasi-neu-
tral character in the CH groups.

3.2. Protonated PAH Cations (HPAH™")

In recent selected-ion flow tube experiments, Le
Page et al. [23] and Snow et al. [24] explored the

reactivity of ionized PAH structures with various
simple atomic and molecular species of interstellar
relevance. Of particular interest, they found that
the radical cations of benzene, naphthalene, and
pyrene reacted readily with atomic hydrogen, but
were relatively unreactive toward molecular hydro-
gen. Furthermore, the HPAH* species thus formed
were found to be relatively unreactive toward
additional H atoms. Note that, while reaction with
a hydrogen atom is not strictly a protonation
reaction (i.e. the addition of H™), the product in
this case (HPAH™) is identical to that obtained
from the addition of a proton to a neutral PAH
molecule, and thus is referred to here as a ‘proto-
nated” PAH. These results are consistent with the
studies of Weilmunster et al. described in Section
3.1, which also bear on this issue. In those studies,
in contrast to the C_ 44 PAH cations, the PAH
cations containing an even number of carbon
atoms were found to exist predominantly in the
protonated form. Together, these experiments indi-
cate that PAH radical cations readily add an H
atom while closed-shell ion structures do not.
These results are again understandable in terms
of the electronic structures of the ions involved. The
radical cations, with their highly reactive, open-
shell structures, readily add a hydrogen atom (also
having a single, unpaired electron) to produce a
cation with a more favorable closed-shell electron
configuration. The resultant protonated cation is
far less reactive with H atoms because it already has
the preferred closed-shell electronic structure and
addition of another H atom would thus disrupt this
favorable configuration. The theoretical calcula-
tions carried out here are consistent with this
interpretation. For example, consider the sequen-
tial addition of H atoms to the naphthalene radical
cation (C,,Hg ). While calculations at the BALYP/
4-31G level reveal no barrier to the addition of an
H atom to the naphthalene radical cation, they do
qualitatively indicate the presence of a barrier to
the addition of a second hydrogen atom (forming
C,oHs and C,,H;}’, respectively). The experimen-
tal results indicate that this barrier must be of
sufficient magnitude to measurably affect the reac-
tivity of these species even at large thermal energies
(i.e. in a flame). The calculations further indicate
that, while there is no barrier to the addition of a
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naphthalene radical cation 2-hydronaphthalene cation

Fig. 4. An illustration of the reaction of the naphthalene
radical cation (C,,Hg" ") with atomic hydrogen showing the
two possible structural isomers of the hydronaphthalene cation
product.

third H atom, there is once again a barrier to the
addition of a fourth (forming C,,H;; and C,,H;} ,
respectively). Again, this is presumably a reflec-
tion of the inherently greater reactivity of the
open-shell electronic structure. Thus, in general,
once formed, the closed-shell, protonated PAH
structure represents a bottleneck in the further
hydrogenation of interstellar PAH cations, mod-
erating the degree of hydrogenation achieved by
the interstellar PAH population and favoring
those H,PAH™ species in which » is odd. Never-
theless, given the great interstellar abundance of
hydrogen, the formation of hydrogenated PAH
cations with some modest loss of aromatic charac-
ter is expected to be a natural consequence of the
presence of PAH ions in the ISM.

Consider again the reaction between the naph-

CH,+ H

13.4 kJ/mol ’

thalene radical cation, C,,Hg", and an H atom.
This reaction and the topology of its associated
potential energy surface are illustrated in Figs. 4
and 5, respectively. The calculations indicate that
the C,\Hg +H reaction is exothermic by 259
kJ/mol. Thus, in the absence of a reaction barrier,
the rapid reaction observed in the laboratory is
understandable [23,24,62]. As already discussed,
the primary driving force for this reaction lies in
the pairing of the parent radical cation’s odd
electron. It should be emphasized that these and
the other protonated PAH cations discussed later
do not arise merely from an electrostatic attrac-
tion between the H atom and the PAH cation, but
are, in fact, fully covalently bound ions. Conse-
quently, the adsdition reaction results in the for-
mation of an aliphatic sp3-hybridized carbon
atom that no longer participates in the delocalized
n molecular orbital of the aromatic carbon skele-
ton, reducing the aromaticity of the parent PAH.
Inspection of Fig. 4 reveals that, for naphthalene,
there are two chemically distinct products of H
atom addition: 1-and 2-hydronaphthalene cation,
with the former more stable by 13.4 kJ/mol. The
calculations indicate that there is no significant
barrier to H-atom addition at either of the two
possible sites, and that the barrier to isomeriza-
tion between the two structures (&~ 71 kJ/mol) is
small compared with the energy liberated in the H
addition reaction (see Fig. 5). Together, these
results imply that the two isomers would probably
be formed in roughly the statistical ratio (1:1)

CH.+ H

259 kJ/mo}

Fig. 5. A potential energy diagram for the C10H3+.+H' reaction. All numerical values were obtained using DFT at the

B3LYP/4-31G level.
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under interstellar conditions. The sequential addi-
tion of a second hydrogen atom to form the
1,2-dihydronaphthalene cation is exothermic by
another 178 kJ/mol but, as already discussed,
faces a significant reaction barrier and proceeds at
a rate some two orders of magnitude less at room
temperature [23,24].

Analogous calculations have been performed
for the pyrene, coronene, and circumcoronene
radical cations (C,(H;;, C,,H;5', and CyH%
respectively), with similar results. As was the case
for the naphthalene radical cation, hydrogen atom
addition to these cations is exothermic by 251,
229, and 234 kJ/mol, respectively. Examples of
the types of structures found in the resulting
protonated PAH species are presented in Fig. 2.
The pyrene cation has three non-equivalent sites
for H atom addition, yielding three unique prod-

ucts: 1-hydropyrene, 2-hydropyrene, and 4-hy-
dropyrene (C,(H;}). The most stable product is
the 1-hydropyrene, with the 2- and 4-hydropyre-
nes lying 63.2 and 45.2 kJ/mol higher in energy,
respectively. For the coronene cation, all the posi-
tions for H atom addition are equivalent, yielding
only one chemically unique protonated cation
structure (C,,H{5). For the circumcoronene
cation, there are again two possible non-equiva-
lent products, 1- and 3-hydrocircumcoronene
(Cs,Hi5). In this case, the 3-hydrocircumcoronene
is calculated to be the lower energy structure, with
the 1-hydrocircumcoronene lying 52.3 kJ/mol
higher in energy.

Representations of the calculated infrared spec-
tra of the 1- and 2-hydronaphthalene cations are
shown in Fig. 6, and the salient band positions
and intensities are tabulated in Table 4. For refer-
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ence, the spectrum of the naphthalene cation is
also shown in the figure. The spectra of the 1-, 2-,
and 4-hydropyrene cations are shown together
with that of the parent pyrene cation in Fig. 7.
The prominent band positions and intensities for
the protonated species are presented in Table 5.
The spectrum of the 1-hydrocoronene cation is
shown referenced to that of the parent coronene
cation in Fig. 8, and tabulated in Table 6. The
spectra of the I- and 3-hydrocircumcoronene
cations are shown in Fig. 9 and the positions of
the prominent bands in these spectra are reported
in Table 7. The spectra of neutral circumcoronene
and the circumcoronene radical cation have not
been reported previously and are also included in
Fig. 9. The salient bands of these species are
summarized Table 8. In all cases, spectral simula-
tions were generated by assigning each calculated
band a 20 cm —! FWHH gaussian profile of the
appropriate intensity. In addition, in accordance
with space limitations, the data for # <2000 cm !

Table 4

have been truncated at the 10% level in the tables.
However, the infrared active modes in the 3200—
2800 cm ! region are reported in their entirety.
Complete tabulations of the calculated data (in-
cluding both IR active and inactive modes) have
been posted on the Internet at <http://
ccf.arc.nasa.gov/ ~ cbauschl/closed-shell.data .
Again, as has been the case for PAH radical
cations and the C_,, cations already presented,
these spectra are all dominated by the aromatic
CC stretching and CH in-plane wagging modes in
the 1600—1200 cm ~! region. Inspection of Figs.
6-9 shows that, in general, the spectra of the
protonated PAHs considered here are substan-
tially more complicated than those of the C_4q4
cations discussed in Section 3.1. Indeed, compari-
son of the spectra of the protonated species with
that of their parent radical cation indicates that H
atom addition is accompanied by a marked in-
crease in spectral complexity through this region.
This is not surprising since H atom addition

Calculated frequencies, symmetries, and intensities for the infrared active modes of the 1-hydronaphthalene and 2-hydronaphthalene

cations, C,(Hg™®

1-Hydronaphthalene

2-Hydronaphthalene

7 (em™") Symmetry Intensity (km/mol) Iy 7 (em™1) Symmetry Intensity (km/mol) I
729.9 A" 28.71 0.128 766.8 A" 30.09 0.127
776.3 A" 73.53 0.327 794.1 A" 46.94 0.198

1187.1 A’ 26.61 0.118 1290.8 A’ 3243 0.136

1271.5 A’ 28.03 0.125 1334.2 A 179.50 0.755

1336.2 A’ 91.12 0.406 1377.5 A’ 94.48 0.398

1351.2 A’ 89.74 0.399 1457.8 A 141.20 0.594

1361.8 A’ 34.68 0.154 1491.9 A’ 31.05 0.131

1416.4 A’ 50.41 0.224 1586.9 A 36.02 0.152

1453.0 A’ 106.28 0.473 1606.9 A’ 237.63 1.00

1500.1 A’ 224.69 1.00

1558.9 A’ 80.12 0.357

1599.9 A’ 79.08 0.352

2854.2 A’ 24.01 0.107  2839.5 A’ 46.62 0.196

2865.7 A" 6.36 0.028  2844.0 A" 10.13 0.043

3075.0 A’ 0.39 0.002  3062.7 A’ 0.33 0.001

3079.0 A’ 1.00 0.004  3079.0 A’ 1.39 0.006

3080.1 A’ 0.15 0.001 3093.8 A’ 0.33 0.001

3091.3 A’ 0.65 0.003 3097.1 A’ 0.52 0.002

3107.3 A’ 0.76 0.003 3107.8 A’ 0.19 0.001

@ The data for #<2000 cm~' have been truncated at the 10% level. The complete data are tabulated at <http://ccf.arc.nasa.gov/ ~

cbauschl/closed-shell.data ).
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Fig. 7. The B3LYP computed IR spectra of the pyrene radical cation, CIGHIT)' (a), is shown together with the spectra of (b) the
1-hydropyrene cation, (c) the 2-hydropyrene cation, and (d) the 4-hydropyrene cation (all C,;sH;). FWHM, 20 cm ~'.

reduces the molecular symmetry, thereby increas-
ing the number of infrared active modes and/or
enhancing the IR activity of previously weak
modes in the region. In addition, the characteris-
tic deformation modes of the aliphatic —CH,—
group in the protonated species also contribute in
this region, although these modes mix effectively
with the aromatic modes such that there is not a
clear distinction between ‘aromatic’ and ‘aliphatic’
modes. This increase in spectral complexity is also

accompanied by an appreciable redistribution of
the total intensity amongst the modes in this
region. For example, while the total intensities of
both the I1-hydro- and 3-hydrocircumcoronene
cations (both =~ 3500 km/mol) are similar to that
of the parent circumcoronene radical cation (=~
3700 km/mol), the intensity of the strongest indi-
vidual band in the spectrum of the 1- and
3-hydrocircumcoronene cations (1576.0 cm !/
196.5 km/mol and 1577.9 ¢m~!/327.6 km/mol,
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respectively; Table 7) are three- to fivefold weaker
than the strongest band in the spectrum of the
circumcoronene radical cation (1571.2 cm~!/
958.1 km/mol; Table 8). Clearly, a significant
fraction of the intensity that is concentrated in the
1571.2 ecm ~ ! mode of the circumcoronene radical
cation has been redistributed over the manifold of
new infrared active modes in the hydrocircum-
coroenene cations. Similar behavior is also found
between the 1-hydrocoronene cation and the coro-
nene radical cation.

For those species that have more than one
chemically unique site, the spectral structure in
the 1600—1200 cm ~! region is quite sensitive to
the position of the added H atom. This effect is
greatest for the smaller hydronaphthalene and
hydropyrene cations, where the added H atom has
a relatively greater impact of on the vibrational
modes. Nevertheless, the differences between the
spectra of the two hydrocircumcoronene cations
are not inconsequential. Furthermore, it should
be emphasized that this effect is not simply due to
differences in the symmetry of the species in ques-
tion. For example, the 1- and 2-hydronaphthalene
cations share the same C, symmetry, yet their

spectra (Fig. 6b,c) are widely disparate through
the 1600—1200 cm ~ ! region. The same is also true
for the 1- and 4-hydropyrene cations whose spec-
tra are shown in Fig. 7b,d.

Another aspect of the infrared spectra of proto-
nated PAHs that warrants discussion is the CH
stretching region between 3200 and 2800 cm ~!.
Comparison of this region of the spectra in Figs.
6—9 shows that there is a marked increase in the
relative strength in the aromatic CH stretching
feature near 3100 cm ~' (3.23 pm) compared with
the aliphatic CH stretching feature near 2850
cm ! (3.51 um) with increasing molecular size. In
the spectra of the 1- and 2-hydronaphthalene
cations, the CH stretching region is dominated by
the aliphatic feature of the single -CH,— group
near 2850 cm ~! (3.5 um), while the aromatic CH
stretching feature near 3050 cm ~' (3.28 pm) is so
weak as to be all but invisible. However, the
relative intensity of the aromatic feature increases
relative to the aliphatic feature in the hydropyre-
nes and actually dominates the aliphatic feature in
the spectra of the hydrocoronene and hydrocir-
cumcoronene cations. Indeed, such a trend is ex-
pected simply on the basis of the steady increase
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Fig. 8. The B3LYP computed IR spectra of the 1-hydrocoronene cation, C,4Hj5 (b), is shown compared with that of the coronene
cation, C,,H5 (a). FWHM, 20 cm ~!. The coronene radical cation spectrum has been scaled by 0.5 to facilitate its presentation on

the same scale as the hydrocoronene cation.
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Table 6
Calculated frequencies, symmetries, and intensities for the
infrared active modes of the 1-hydrocoronene cation, C,,H{5*

1-Hydrocoronene

7 (cm~!)  Symmetry Intensity (km/mol) I
548.3 A" 24.68 0.155
880.1 A" 159.27 1.00

1001.0 A’ 22.58 0.142

1209.5 A’ 21.12 0.133

1218.3 A’ 70.47 0.442

1220.9 A’ 29.58 0.186

1335.7 A’ 137.44 0.863

1349.5 A’ 67.75 0.425

1356.1 A’ 112.10 0.704

1367.7 A’ 48.63 0.305

1372.7 A’ 89.28 0.561

1388.4 A’ 21.50 0.135

1404.4 A’ 18.73 0.118

1503.8 A’ 139.25 0.874

1538.4 A’ 69.41 0.436

1566.8 A’ 130.45 0.819

1579.9 A’ 62.32 0.391

1589.2 A’ 129.54 0.813

1596.3 A’ 18.19 0.114

1606.6 A’ 107.72 0.676

2857.5 A’ 13.93 0.087

2869.9 A" 0.77 0.005

3062.7 A’ 0.20 0.001

3063.5 A’ 1.66 0.010

3066.7 A’ 0.30 0.002

3067.7 A’ 0.36 0.002

3068.8 A’ 0.56 0.004

3079.9 A’ 6.92 0.043

3083.8 A’ 2.15 0.014

3084.8 A’ 10.16 0.064

3085.8 A’ 19.18 0.120

3088.4 A’ 10.02 0.063

4 The data for <2000 cm~! have been truncated at the
10% level. The complete data are tabulated at <http://
ccf.arc.nasa.gov/ ~ cbauschl/closed-shell.data ).

in the ratio of aromatic CH groups to aliphatic
CH groups (hydronaphthalene, 7/2; hydropyrene,
9/2; hydrocoronene, 11/2; hydrocircumcoronene,
17/2; see Fig. 2). However, the data in Tables 4—7
shows that the magnitude of the observed spectral
change far exceeds that expected simply on the
basis of the increase in the relative number of

aromatic CH groups. In going from hydronaph-
thalene to hydrocircumcoronene, the ratio of the
number of aromatic CH groups to the number of
aliphatic CH groups increases by a factor of 2.4
(from 3.5 to 8.5). Over this same range, the calcu-
lated ratio of the total aromatic CH stretching
intensity (Z(3110-3040 cm~')) to the aliphatic
CH stretching intensity (£(2900-2840 ¢cm ~')) in-
creases from an average of 0.07 for the hy-
dronaphthalenes to 110 for the
hydrocircumcoronenes, an increase of nearly
1600-fold. This dramatic shift arises through a
combination of two concurrent effects: (1) a re-
duction in the total intrinsic aliphatic CH stretch-
ing intensity by a factor of about 20
(hydronaphthalenes, A,j;paic & 44 km/mol; hy-
drocircumcoronenes, A,ji,paic = 2.3 km/mol); cou-
pled with (2) an increase in the total intrinsic
aromatic CH stretching intensity by a factor of
nearly 100 (hydronaphthalenes, A4, i &3 km/
mol; hydrocircumcoronenes, A, omaic ~ 250 km/
mol). The enhancement in the intensity of the
aromatic CH stretching feature is very similar to
that observed in the C_,y PAH cations discussed
in Section 3.1, and presumably shares the same
origin. The suppression of the aliphatic CH
stretching intensity is, on the other hand, more
unexpected and not clearly understood at this
point.

Finally, it should be noted that the spectrum of
neutral circumcoronene has also been calculated
as part of this work and is presented along with
the cation spectra in Fig. 9. The spectrum of
neutral circumcoronene has not been published
previously, and it is included here for both its
intrinsic merit and as a benchmark for compari-
son with the various related cationic species. As is
typical of neutral PAHs, the spectrum is domi-
nated by the strong aromatic CH stretching fea-
ture near 3060 cm~' and the aromatic CH
out-of-plane bending mode near 900 cm ~!. Both
of these features are substantially more intense
than any of the CC stretching and CH in-plane
bending modes in the 1600—1100 ¢cm ~! region.
Thus, the significantly increased C/H ratio of the
larger PAH molecule (circumcoronene, C/H = 3;
coronene, C/H = 2; naphthalene, C/H =1.25) is
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not, in and of itself, sufficient to bring the ratios 4. Astrophysical implications
between the bands in these two regions into agree-

ment with their typical interstellar values. This is
consistent with the conclusion that the pattern of
band intensities observed in the interstellar spec-
trum is indicative of a dominant contribution

from ‘ionized’ PAHs.

ing to spectral region.
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Based on the data already presented, the pres-
ence of closed-shell PAH cations in the interstellar
infrared emission zones will impact the spectrum
in several ways. These are now considered accord-
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Table 7
Calculated frequencies, symmetries, and intensities for the infrared active modes of the 1-hydrocircumcoronene and 3-hydrocircum-
coronene cations, Cs,Hi} @

1-Hydrocircumcoronene 3-Hydrocircumcoronene

7 (cm™1h) Symmetry Intensity (km/mol) I ¥ (em™1) Symmetry Intensity (km/mol) I
790.5 A" 35.91 0.161 791.5 B, 48.31 0.129
919.1 A" 189.00 0.846 921.5 B, 72.02 0.192
1041.9 A’ 31.25 0.140 928.1 B, 86.62 0.231
1170.3 A’ 23.05 0.103 1176.8 B, 124.53 0.332
1173.7 A’ 56.61 0.253 1192.9 A, 110.37 0.294
1184.1 A’ 70.24 0.314 1196.0 B, 48.18 0.129
1192.5 A’ 126.98 0.568 1273.5 A, 40.81 0.109
1250.0 A’ 23.68 0.106 1276.4 A, 82.98 0.221
1257.7 A’ 55.63 0.249 1280.2 A, 58.54 0.156
1273.7 A’ 68.92 0.308 1303.4 B, 126.19 0.337
1290.7 A’ 29.75 0.133 1315.0 B, 374.85 1.00
1305.1 A’ 28.12 0.126 1329.8 A, 184.78 0.493
1307.5 A’ 85.81 0.384 1345.9 B, 41.32 0.110
1317.0 A’ 209.60 0.938 1352.8 A, 69.97 0.187
1320.3 A’ 93.65 0.419 1388.9 A, 43.31 0.116
1334.5 A’ 107.22 0.480 1511.3 A, 45.99 0.123
1347.5 A’ 25.35 0.113 1540.9 B, 202.38 0.540
1354.1 A’ 42.50 0.190 1552.6 A, 52.30 0.140
1375.9 A’ 22.59 0.101 1556.2 B, 44.17 0.118
1387.8 A’ 49.18 0.220 1572.0 B, 93.62 0.250
1393.7 A’ 50.79 0.227 1577.9 A, 327.63 0.874
1395.9 A’ 22.64 0.101 1582.4 B, 112.68 0.301
1399.0 A’ 22.44 0.100 1587.4 A, 99.66 0.266
1444.6 A’ 23.33 0.104 1596.5 A, 113.93 0.304
1456.1 A 40.47 0.181 1606.8 B, 63.94 0.171
1465.6 A’ 78.15 0.350

1474.2 A’ 23.03 0.103

1485.8 A’ 34.89 0.156

1504.8 A’ 48.40 0.217

1512.9 A’ 145.30 0.650

1527.9 A’ 22.60 0.101

1544.2 A’ 46.45 0.208

1550.7 A’ 223.51 1.00

1566.5 A’ 51.87 0.232

1576.0 A’ 196.49 0.879

1583.9 A’ 34.53 0.155

1587.0 A’ 45.68 0.204

1590.0 A’ 192.43 0.861

1593.2 A’ 26.48 0.118

1598.2 A’ 33.03 0.148

1606.9 A’ 54.35 0.243

2854.1 A 291 0.013  2876.3 A, 0.30 0.001

2866.4 A" 0.27 0.001 2897.0 B, 1.01 0.003

3048.2 A’ 14.74 0.066  3056.7 A, 4.55 0.012

3054.6 A’ 5.74 0.026  3057.6 B, 1.98 0.005

3055.9 A’ 4.03 0.018  3057.7 A, 5.55 0.015

3056.7 A’ 13.75 0.062  3058.7 B, 14.24 0.038

3058.0 A’ 7.49 0.033  3058.9 A, 1.24 0.003

3059.5 A’ 2.79 0.013 3059.9 B, 1.95 0.005



926 D.M. Hudgins et al. / Spectrochimica Acta Part A 57 (2001) 907-930

Table 7 (Continued)

1-Hydrocircumcoronene 3-Hydrocircumcoronene
7 (cm™1h) Symmetry Intensity (km/mol) I 7 (em™1) Symmetry Intensity (km/mol) I
3060.3 A’ 3.91 0.018  3060.1 A, 9.91 0.026
3060.7 A’ 5.30 0.024  3061.0 B, 4.34 0.012
3061.7 A’ 4.56 0.020  3061.3 A, 1.38 0.004
3063.1 A’ 0.69 0.003  3062.0 B, 4.02 0.011
3077.7 A’ 14.93 0.067  3077.2 B, 8.38 0.022
3078.1 A’ 47.82 0.214  3077.3 A, 37.56 0.100
3078.3 A’ 53.00 0.237 30789 B, 0.25 0.001
3079.0 A’ 37.63 0.168  3079.0 A, 24.30 0.065
3080.8 A’ 33.37 0.149  3079.3 B, 96.88 0.258
3079.5 A, 29.81 0.080

@ The data for #<2000 cm~' have been truncated at the 10% level. The complete data are tabulated at <http://ccf.arc.nasa.gov/ ~
cbauschl/closed-shell.data ).

4.1. The 1600 cm ="' (6.2 um) region cm !, close to the prominent 6.2-6.3 pum inter-

stellar feature, are strongly enhanced in the

Consistent with the behavior of PAH radical closed-shell cations compared with the neutral

cations reported previously [27,39-55], the aro- species. In fact, in the spectra of the closed-shell

matic CC stretching modes that fall near 1600 species, this is consistently the strongest band in
Table 8

Calculated frequencies, symmetries, and intensities for for the infrared active modes of neutral circumcoronene, Cs,Hg, and the
circumcoronene radical cation, Cs,H "™ #

CsiH g CsiHi
7 (em™") Symmetry Intensity (km/mol) Iy 7 (em™1) Symmetry Intensity (km/mol) I
782.0 B, 43.30 0.188 919.0 A, 216.85 0.226
904.1 B,, 220.23 0.954 1246.1 B, 112.78 0.118
1286.5 B, 34.37 0.149 1256.9 B, 350.64 0.366
1286.6 B, 34.69 0.150 1314.8 B, 286.99 0.300
1607.9 B., 26.17 0.113 1351.1 B, 164.05 0.171
1608.3 B, 26.09 0.113 1483.6 B, 232.83 0.243
1493.4 B, 100.50 0.105
1570.0 B, 141.43 0.148
1571.2 B, 958.13 1.00
3041.8 B,, 0.52 0.002  3058.4 B, 9.19 0.010
3042.0 B, 0.50 0.002  3059.3 B, 11.71 0.012
3045.5 B, 56.58 0.245 3060.4 B, 20.79 0.022
3046.0 B,, 51.91 0.225 3062.5 B, 11.45 0.012
3047.0 B, 243 0.011 3063.3 B, 9.61 0.010
3062.8 B,, 5.31 0.023 3079.8 B, 34.87 0.036
3063.4 B, 229.17 0.993 3080.5 B, 81.22 0.085
3063.7 B,, 230.88 1.00 3080.7 B, 106.91 0.112

@ The data for #<2000 cm~' have been truncated at the 10% level. The complete data are tabulated at <http://ccf.arc.nasa.gov/ ~
cbauschl/closed-shell.data ).
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the spectrum. Of further interest, these features
consistently fall at higher frequencies in the closed
PAH structures than in the corresponding open-
shell species. For example, for circumcoronene
(Fig. 9 and Table 8), the most prominent band of
the closed-shell neutral species falls at 1608 cm ~!
(6.219 um), while that of the radical cation falls at
1572 em~! (6.361 pm). Coronene also exhibits
such a trend (neutral, 1602 cm~!, 6.242 pm;
radical cation, 1554 cm ™!, 6.435 pm) [27,40,44].
Although this general trend holds for both the
C.qq and protonated PAH cations considered
here, the corresponding vibration falls between
1590 and 1580 cm~! (6.29 and 6.33 pm), still
somewhat red-shifted from the band position in
the parent neutral. While this falls in the red wing
of the canonical 1610 cm ~! (6.2 pm) interstellar
feature, it is close to the newly discovered 1590
cm~! (6.29 pm) emission component recently re-
solved in the high-resolution spectra of a number
of objects by the ISO satellite [65]. Overall, given
the prominence of the features in this region in
the spectra of the closed-shell PAH cations, if a
significant population of such species is indeed
present in the interstellar medium, they would
certainly be expected to dominate the emission at
this position.

4.2. The 1500-1100 cm ="' (6.7-9 um) region

In the interstellar spectrum, this region is domi-
nated by the strong, broad 7.7 pm emission envel-
ope and its prominent shoulder near 8.6 pm.
Careful observations [66] have shown that this
band is actually a composite of a number of
overlapping features dominated by two compo-
nents falling near 7.6 and 7.8 um. This spectral
region is diagnostic of aromatic CC stretching and
CH in-plane bending motions in PAHs. Previous
studies of PAH radical cations have established
that these modes are strongly enhanced by ioniza-
tion [27,39-55] and, not surprisingly, the results
already presented confirm that this effect also
holds for closed-shell cations. Unlike the consis-
tent behavior of the bands in the 1600 c¢cm ~!
region already discussed, the direction of the ion-
ization shift experienced by the PAH bands in this
range is less predictable. For example, in the

circumcoronene radical cation, the most promi-
nent band in this region falls at 1256 cm ~ ! (7.962
um), red-shifted by 30 cm ~! from its position in
neutral circumcoronene (1286 cm~!, 7.776 um;
see Table 8). Compare this with coronene, where
the most prominent band of the radical cation in
this region is blue-shifted by 38 cm~! (cation,
1350 cm ~ !, 7.407 pm; neutral, 1312 cm~!, 7.622
um) [40,44]. Nonetheless, there is an underlying
consistency with the interstellar emission spec-
trum. In each case, the dominant bands tend to
fall within the envelope of the interstellar 7.6 pm
(1315 cm ') component that dominates the 7.7
pum emission envelope in HII regions and reflec-
tion nebula [66]. Indeed, inspection of the tables
show that, in general, for both the C_,,-PAH and
HPAH™ cations considered here, the dominant
features in this region typically fall between 1350
and 1314 cm ' (7.41 and 7.61 um), most consis-
tent with the position of the interstellar 7.6 pm
component. The detailed origin of the strong 7.8
pum component therefore remains unclear.

In addition to the aromatic modes that fall in
this region, the HPAH™ species have an addi-
tional, unique contribution in this region of the
spectrum. The aliphatic CH, deformation modes
of these species are expected to fall in the mid-
1400 cm~! (~7 pm) range [67]. Indeed, the
greater spectral complexity that is observed
throughout this region in the protonated PAH
cations is no doubt partially attributable to the
contributions of the aliphatic modes. As with the
aromatic modes in this region, the aliphatic defor-
mation modes are enhanced by ionization and are
actually more intense than the strong aliphatic
CH stretching bands (see Tables 4—7) that domi-
nate the spectra of neutral hydrogenated PAHs.
However, as already noted, these modes mix with
the aromatic CC stretching and CH in-plane
bending modes to such a degree that it is not
possible to distinguish between ‘aliphatic’ and
‘aromatic’ modes in this region.

A final, consistent aspect of the spectra of these
species with the interstellar emission spectra is the
presence of a prominent band in the 1214-1140
cm~! (8.24-8.77 pm) range that corresponds
most closely to the interstellar 8.6 pm (1165
cm~ ') component of the interstellar emission



928 D.M. Hudgins et al. / Spectrochimica Acta Part A 57 (2001) 907-930

spectrum. For the closed-shell cations considered
here, the intensities of these bands relative to the
dominant 1300 cm ~! bands also echos that of the
interstellar emission.

4.3. The 3200-2800 cm~"' (3.1-3.6 um) region

The other region in which closed-shell cations
potentially impact the interstellar emission spec-
trum is in the CH stretching region between 3200
and 2800 cm ~! (3.1 and 3.6 pm). While all of the
species considered here would certainly contribute
to the well-known 3.3 pm emission band (aromatic
CH stretching modes), of particular interest is the
contribution of the HPAH™ species to the variable
emission complex that falls on the red wing of the
aromatic feature between ~ 3.4 and 3.5 um. This
range is diagnostic of aliphatic CH stretching
modes and, as expected, inspection of Figs. 6—9
shows that protonation is accompanied by the
appearance of a feature that is attributable to these
modes. In each of the HPAH* considered here, the
aliphatic CH stretching region displays a pair of
bands that are typically separated by 5-20 cm ~!
and centered near 2860 cm ~! (3.5 um). The distri-
bution of intensity between these bands is variable,
but in all but one case it is the lower frequency
band that dominates the pair (see Tables 4-7).

The dominance of the 3.3 um aromatic CH
stretching feature over the aliphatic CH stretching
feature in the typical interstellar emission spec-
trum, despite the markedly greater intrinsic
strength of the latter modes, indicates that the
interstellar emitting population is predominantly
aromatic with only a modest degree of aliphatic
character. Given the great abundance of hydrogen
in the interstellar medium and the inherent favor-
ability of the closed-shell HPAH™ species, it is
tempting to posit that simple protonation across
the PAH cation population might contribute suffi-
cient aliphatic character to account for the inter-
stellar 3.4—3.5 um emission. This idea is, however,
not borne out by the data presented in this article.
As already mentioned, the protonated species dis-
cussed in Section 3.2 consistently display only a
single noteworthy feature near 2860 cm~! (3.50
pum). Thus, while such species likely contribute to
the interstellar emission in this region, they cannot

in-and-of-themselves explain the spectral complex-
ity that is observed in that spectrum. Instead, that
complexity implies a modest subpopulation of
more highly hydrogenated species (H,PAHs and/
or their associated ions) [22].

4.4. The 900-700 cm~"! (11-14 um) region

Finally, it is interesting to note that, although
there are twice as many doubly-adjacent CH
groups as non-adjacent CH groups in CsoHjb, the
circumcoronene radical cation, and the hydro-
genated circumcoronene cations, the 900-700
cm~ ! (11-14 pm) CH out-of-plane bending region
is dominated by only one band. That band consis-
tently falls near 930-920 cm —! (10.75—10.87 pm),
close to the position of non-adjacent CH groups on
open shell PAH cations that have previously been
proposed as a tracer of the ionized interstellar
PAH component [68].

5. Conclusions

Prompted by recent experimental studies that
indicate such species may play an important role in
the interstellar medium, we have carried out
B3LYP/4/31G calculations to determine the har-
monic frequencies and intensities for a variety of
closed-shell PAH cations. The set of species con-
sidered extends over a wide range of molecular
sizes and includes both C_,4 PAH cations — fully
benzenoid species composed of an odd number of
carbon atoms — and protonated PAHs.

Overall, the spectra of closed-shell PAH cations
are consistent with previously reported theoretical
and experimental spectra of PAH radical cations,
and with the global pattern of band positions and
intensities in the interstellar emission spectrum.
The spectra do, however, display some distinctive
features that distinguish them from the PAH spe-
cies considered previously. The C,,q PAH cation
spectra, for example, display a notably weaker
dependence on molecular size than is typical of
either the protonated PAHs considered here or of
the PAH radical cations that can be found the
literature. Furthermore, the spectra of these species
are dominated by several strong features in the
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1600—1100 cm ~! region, the strongest of which is
consistently the highest frequency band falling
near 1600 cm ~!. Thus, if these species are, indeed,
common in the interstellar medium, they would
be expected to make a disproportionate contribu-
tion to the 6.2 pm infrared emission band.

The protonated PAHs tend to display a greater
degree of spectral complexity compared with their
parent radical cation. This is due both to a lower-
ing of the symmetry of the cation as well as to the
contributions of the characteristic aliphatic modes
of the associated CH, group.

Finally, for both classes of closed-shell PAH
cations, increasing molecular size is found to be
accompanied by a strong increase in the intensity
of the aromatic CH stretching features. Analysis
of the Mulliken populations indicates that this is a
consequence of the decrease in charge density
within the molecule as the positive charge is
smeared over a larger and larger molecular skele-
ton. Consequently, the character of these modes,
which are, in general, strongly suppressed in PAH
cations, gradually approaches the dominant char-
acter of the analogous modes in neutral PAHs. In
contrast, the aliphatic CH stretching modes of the
protonated PAHs are increasingly suppressed
with increasing molecular size. The origin of this
effect is not yet clearly understood and will re-
quire further study.
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